Immunosuppressive agents have been used in multiple sclerosis (MS) for decades. The approval of several immunomodulatory agents against MS beginning in the 1990s, whose putative mechanisms of action appeared "more MSspecific," curtailed the importance of immunosuppressants, which made them treatment options of second choice. However, with the recent approval of mitoxantrone for treatment of patients with active forms of relapsing-remitting or secondary progressive MS and with a number of oral immunosuppressive agents being assessed in phase II and III clinical trials, a "renaissance" of this type of agents is currently occurring. This review provides an outline of the most important clinical studies and discusses relevant side effects of the major immunosuppressants (i.e., mitoxantrone, azathioprine, cyclophosphamide, methotrexate, mycophenolate mofetil, cladribine, and sirolimus/temsirolimus). The current knowledge of the putative mechanisms of action of these compounds is discussed.
INTRODUCTION
From the beginning of the descriptions of multiple sclerosis (MS), a major part of its pathogenesis has been ascribed to a deviation of the immune system (i.e., MS was and is still considered to be an autoimmune disorder). Thus, apart from glucocorticosteroids, immunosuppressive agents were among the very first drugs available against MS and were used off-label, but at least, in part, they were used successfully. Immunosuppressants are inhibitors of crucial components of the immune system causing generalized immune dysfunction. However, the potential beneficial effects of these therapies in MS are limited by systemic adverse effects, such as increased risk of neoplasia or infection.
More recently, two classes of immunomodulatory agents have been approved for the treatment of relapsing-remitting MS, interferon-␤, and glatiramer acetate. [1] [2] [3] [4] [5] Immunomodulators, without generally suppressing immunological properties, shift immune responses from pro-inflammatory autoimmune conditions (mediated by T-helper (TH)1 cytokines released from autoreactive T cells) toward a more beneficial anti-inflammatory environment (mediated through TH2 cytokines secreted by regulatory T cells). These immunomodulators were thus considered first-line options in strategies to modify the disease course in MS. As a consequence, the importance of immunosuppressants declined.
More recently, however, with mitoxantrone, an immunosuppressant has been approved for treatment of active forms of relapsing-remitting and secondary progressive MS and this has brought this substance group back into the focus of therapeutic strategies of disease stages that were not that well treatable with immunomodulators. Furthermore, the "renaissance" of immunosuppressive agents is supported by a number of oral immunosuppressants currently being assessed in phase II and III clinical trials that may soon become available as the first evidence-based, oral disease-modifying drugs against MS.
Here we discuss the current knowledge of both the "classical" immunosuppressants (i.e., mitoxantrone, azathioprine, cyclophosphamide, and methotrexate) and the "newer" oral immunosuppressants (i.e., mycophenolate mofetil, cladribine, and sirolimus/temsirolimus).
Mitoxantrone
Mitoxantrone is an anti-neoplastic agent that was developed in the 1970s. It is an anthracenedione derivative related to the anthracyclins doxorubicin and daunorubicin. It interacts with topoisomerase-2, stabilizes its cleavable complex with DNA, and thus prevents the ligation of DNA strands and consecutively delays the cell-cycle progression. 6 Mitoxantrone is used to effectively treat malignancies such as breast and advanced prostate cancer, lymphoma, and leukemia. 7 Mitoxantrone was proven effective in both actively and passively induced experimental autoimmune encephalomyelitis, an animal model for MS. 8 -10 Ridge et al. 8 observed a dose-dependent inhibitory effect as determined by clinical evaluation and histopathology in rat experimental autoimmune encephalomyelitis. Moreover, in an adoptive transfer model, encephalitogenic T cells treated with mitoxantrone prior to injection were no longer able to induce the disease, indicating an inhibitory effect of mitoxantrone on T cells. Clinical relapses were prevented or ameliorated.
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Studies in MS
Apart from some small open trials indicating positive effects of mitoxantrone in MS (overview by Edan et al. 11 ), four controlled trials performed in different European countries substantiated its efficacy as follows: 1) In a randomized, magnetic resonance imaging (MRI)-controlled but clinically unblinded and not placebo-controlled trial in France and the United Kingdom, the effects of mitoxantrone were assessed in patients with very active MS, defined as frequent severe relapses without clinical remittance. 12 Forty-two patients were included and randomized and received monthly infusions of either 20 mg mitoxantrone (irrespective of their body surface) plus 1 g methylprednisolone (MP) or 1 g MP alone for 6 months. The primary endpoint was the percentage of patients without new active MRI lesions. At the study entry, the percentages were mitoxantrone plus MP (10%) and MP alone (4.8%). After 6 months, the percentages were mitoxantrone plus MP (90%) and MP alone (31%) (p Ͻ 0.001).
2) In an Italian trial, the efficacy of mitoxantrone was assessed in 51 patients with relapsing-remitting MS. 13 The patients were randomized and received either mitoxantrone (8 mg/m 2 body surface) or a placebo. Clinical assessment was performed by blinded physicians. The primary endpoint was the percentage of patients with clinical progression, defined as an increase of the expanded disability status scale (EDSS) 14 by 1 point. After 24 months of observation, 9 of 24 patients with a placebo (37%) and 2 of 27 patients with mitoxantrone (7%) deteriorated clinically by 1 EDSS point (p ϭ 0.02). Regarding the secondary endpoints, mitoxantrone was partially superior to the placebo.
3) A comparative double-blind trial of mitoxantrone (13 infusions of 12 mg/m 2 body surface) versus MP (13 infusions of 1 g, both groups for 32 months) in 49 patients with secondary progressive MS, performed in Belgium, revealed both a significant improvement of the EDSS and a significant decrease of the total number of gadolinium-enhancing lesions in the mitoxantrone group. 15 4) The largest phase III study was the Mitoxantrone in Multiple Sclerosis (MIMS) trial, leading to the approval of mitoxantrone by a number of regulatory authorities. 16 The MIMS study was a randomized, placebo-controlled, investigator-blinded, multicenter trial in patients with worsening relapsing-remitting MS and secondary progressive MS. The patients (n ϭ 194) with an EDSS between 3 and 6 were randomized and divided into three groups: 1) mitoxantrone (12 mg/m 2 body surface), 2) mitoxantrone (5 mg/m 2 ), and 3) placebo (methylene blue). All patients received mitoxantrone or a placebo intravenously every three months for two years. The primary study endpoint was a multivariate analysis of five different clinical parameters (change from three neurological baseline scores, including EDSS after 24 months, time to first treated relapse, and number of relapses treated with steroids). After two years, 188 patients still participated in the study. In all five parameters, the mitoxantrone (12 mg/m 2 ) group was significantly superior compared to the other groups. Progression of disability and relapse rate were significantly reduced. This therapeutical effect was still measurable 12 months after the final infusion. In a subgroup of 110 patients, in addition to the clinical investigation, MRI assessment was performed and analyzed in a central laboratory. 17 Significantly fewer patients receiving mitoxantrone (12mg/m 2 ) demonstrated enhancing lesions at 24 months relative to the placebo group (0% vs. 15.6%; p ϭ 0.02). The mean increase in the number of T2-weighted lesions was 0.29 in mitoxantrone (12 mg/m 2 ) recipients and 1.94 in the placebo recipients (p ϭ 0.03). In both mitoxantrone groups, a significant reduction of new lesions and a reduced burden of disease were observed.
Mechanism of action
Apart from the cytotoxic efficacy of mitoxantrone, immunosuppressive effects and even antiviral and antibiotic effects have been observed. More recently, immunomodulatory properties have been suggested, as a number of distinct immunological effects have been described. 18 -20 As mitoxantrone has been wellestablished for more than two decades, it is a potent immunosuppressive agent targeting proliferating immune cells. [21] [22] [23] [24] It inhibits proliferation of macrophages, B lymphocytes and T lymphocytes. 21, 23 Mitoxantrone has been shown to induce apoptosis of B lymphocytes 25 and other types of antigen-presenting cells. 26 Comparison of peripheral blood mononuclear cells obtained from MS patients, before and immediately after application of mitoxantrone, exhibited a decreased proliferation of peripheral blood mononuclear cells based on necrotic cell death, predominantly in B cells. 27 Fidler et al. 21 reported a decreased secretion of the pro-inflammatory cytokines interferon-␥, tumor necrosis factor-␣ and interleukin (IL)-2. In contrast, recent ex vivo analysis of the cytokine profile of immune cells obtained from patients before and during treatment with mitoxantrone revealed a decrease of IL-10 (an anti-inflammatory cytokine) expressing monocytes and a decrease of IL-2R-␤1 expressing T cells after six months of treatment. 28 Furthermore, mitoxantrone was shown to inhibit migratory properties of immune cells. 29 Still, more research is warranted to illuminate the immunological effects of mitoxantrone in MS as its specific mechanisms of action in targeting the immune system still remain widely unclear.
Adverse effects
The MIMS trial and preceding studies exhibited a generally good safety profile for mitoxantrone. 16 Adverse events were rare, and they were mild to moderate. Secondary amenorrhea occurs in up to 10% of female patients treated with mitoxantrone. 30 However, long-term follow-up data are still pending for final evaluation of the safety profile of mitoxantrone. To this end, a large openlabel multicenter study of mitoxantrone in 509 MS patients with a five-year observation period and a broad number of outcome measures, including the Registry to Evaluate Novantrone Effects in Worsening MS (RENEW) study is currently underway. Recent interim results of a population study representing more than 700 patient-years of mitoxantrone revealed a continued favorable benefit-risk profile but pointed out the necessity to monitor cardiac function and blood count. Cardiotoxicity. Treatment with mitoxantrone is restricted to a cumulative total life dose of 140 mg/m 2 body surface. The reason for this restriction is the increased risk of irreversible congestive cardiomyopathy beyond the threshold of 140 mg/m 2 body surface as observed in cancer patients treated with mitoxantrone. 32, 33 A retrospective study has investigated the risk of mitoxantroneinduced cardiotoxicity in patients with MS. 34 Data obtained from 1,378 patients from three clinical trials were analyzed: 1) the MIMS trial (124 patients), 16 2) a French open multicenter trial (802 patients), 30, 35 and 3) a retrospective German trial (452 patients). 36 The mean treatment duration was 29 months; the mean cumulative dose was 61 mg/m 2 body surface. One hundred forty-one patients received a cumulative mitoxantrone dose of more than 100 mg/m 2 body surface. Lethal congestive heart failure after onset of therapy with mitoxantrone developed in 2 of 1378 patients. One of the two patients received a cumulative dose of 162 mg/m 2 body surface, whereas the other patient received only one single dose of 9 mg/m 2 ; for the second patient, left ventricular ejection fraction was Ͼ 50% after one year, and she died of congestive heart failure four years after treatment with mitoxantrone. Seven hundred seventy-nine patients were examined by echocardiography before and during treatment. In 17 of these patients, a reduction of the left ventricular ejection fraction below 50% was observed. All 17 patients had received a cumulative dose of more than 100 mg/m 2 . Currently, several strategies are being pursued to circumvent the problem of mitoxantroneassociated cardiotoxicity. There are treatment approaches that give pulses of reduced doses of mitoxantrone to prolong its application. Furthermore, animal data revealed that the combination of mitoxantrone with the cardioprotector dexrazoxane may be useful to ameliorate, or even prevent, the mitoxantroneassociated cardiotoxicity. [37] [38] [39] Interestingly, dexrazoxane was shown to increase the efficacy of mitoxantrone in experimental autoimmune encephalomyelitis. 39 An alternative would be the development of other anthracenedione derivatives with lower cardiotoxicity. 
Therapy-related acute leukemia.
Mitoxantrone and other topoisomerase-2 inhibitors have been reported to induce acute leukemia. In the retrospective study with 1392 MS patients previously mentioned, one case was observed (0.07%). 41 Several additional case reports have been published. [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] Retrospectively, a relative risk of 0.21% was estimated. 48 Thus, it is strongly recommended that monitoring blood cell counts should be continued for at least five years after discontinuation of therapy.
Azathioprine
Azathioprine is a purine analogue that is metabolized rapidly to the cytotoxic and immunosuppressant derivatives 6-mercaptopurine and thioinosine acid, the latter competing with DNA nucleotides. It is widely used in organ transplantation and in autoimmune disorders, 53 and is considered a second-line drug in MS.
By far the largest prospective randomized, doubleblind, placebo-controlled trial of azathioprine in MS was the British-Dutch trial published in 1988. 54 Three hundred fifty-four patients with either relapsing-remitting or secondary progressive MS were subjected to either azathioprine (2.5 mg per kg per day) or to a placebo. The only significant outcome measure was the slower progression in the azathioprine-treated group when using the so-called ambulation index. For the EDSS, there was a trend in favor of azathioprine. In the early 1990s, five previously published randomized, double-blind, placebocontrolled trials, including the British-Dutch study, were analyzed in a meta-analysis indicating that azathioprine reduces the relapse rate in MS. 55 Interestingly, the probability of being free of relapses after two years of treatment with azathioprine, as assessed in this meta-analysis, appeared comparable to the efficacy of interferon-␤ or glatiramer acetate, 56 as assessed in the respective pivotal trials.
1,2,4 However, the meta-analysis did not reveal an impact on the progression of disability. 55 Due to the loss of patent protection of azathioprine, more recent controlled trials have not been performed.
Azathioprine depresses both cellular and humoral immunity. It mainly targets activation, proliferation, and differentiation of both T and B lymphocytes by competition of its metabolites with DNA nucleotides. So far, further specific immunomodulatory properties have not been reported. The major concern of azathioprine is the increased risk of non-Hodgkin's lymphoma or skin cancer after long-term use (i.e., after approximately 10 years). 57 However, this risk was not confirmed in a casecontrolled study.
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Cyclophosphamide
Cyclophosphamide is an alkylating agent of the nitrogen mustard group; its active metabolites (by hepatic cytochrome p-450) induces DNA string breaks. Although used off-label, cyclophosphamide plays a role as an escalating immunotherapy option in severe forms of MS. 59 The only prospective, double-blind, placebo-controlled, randomized trial was the Canadian co-operative trial with 168 patients with secondary progressive MS that unfortunately revealed no beneficial effects. 60 However, in some controlled but unblinded trials, cyclophosphamide exhibited at least some effects in patients with chronic MS. [61] [62] [63] Taken together, the available data do not allow definite conclusion on the efficacy of cyclophosphamide in MS. 64 Cyclophosphamide possesses strong cytotoxic and immunosuppressive properties. Apart from strong immunosuppression, cyclophosphamide can also exert immunomodulatory effects shifting immune responses from TH1 toward TH2 by an unknown mechanism. 65 Cyclophosphamide can cause several side effects, such as alopecia, nausea, vomiting, hemorrhagic cystitis, leukopenia, myocarditis, infertility, and pulmonary interstitial fibrosis.
Methotrexate
Methotrexate is an antimetabolite that interferes with DNA synthesis by inhibiting dihydrofolate reductase and thus thymidine biosynthesis. It reduces 1-carbon transfers into purines. Methotrexate was shown in one placebo-controlled study to convey some therapeutic benefit in progressive forms of MS. 66 Sixty patients were treated with methotrexate (7.5 mg weekly) or with a placebo for 2 years. Methotrexate significantly reduced sustained worsening, as assessed by a composite measure of disability using the EDSS, the ambulation index, and two tests of arm function. The mechanisms of action of methotrexate in autoimmune diseases are elusive. Toxicity of methotrexate is minimal, if treatment is paralleled by folate substitution.
Mycophenolate mofetil
Mycophenolate mofetil belongs to the antimetabolite drug class and is a pro-drug of its active metabolite mycophenolic acid. Small open-label trials in progressive MS suggest some efficacy, and its administration appeared well tolerated. 67, 68 Interestingly, in an openlabel trial, the combination of mycophenolate mofetil with interferon-␤1a exhibited superior efficacy as compared to interferon-␤1a alone. 69 Controlled and larger studies are warranted. The precise immunological mechanism of action of mycophenolate mofetil remains elusive. Its adverse event profile is generally good.
Cladribine
Cladribine is an adenosine deaminase-resistant nucleoside analog with selective lymphotoxic specificity. The phosphorylated active triphosphate deoxynucleotide accumulates in lymphocytes and monocytes and causes DNA damage followed by cell death. 70, 71 The efficacy of cladribine in MS has been, and is being, assessed in both subcutaneous and orally administered formulations. Smaller placebo-controlled trials of subcutaneously administered cladribine in chronic progressive and relapsing-remitting MS revealed promising results, not only clinically but also in MRI parameters. [72] [73] [74] However, a double-blind, placebo-controlled phase III study of subcutaneously administered cladribine in 159 patients with secondary and primary progressive MS unexpectedly failed to exhibit significant clinical and MRI benefits after one year. 75 As cladribine also exists in an oral formulation and as pilot trials also have provided encouraging data, 76 a large randomized, double-blind, placebocontrolled phase III trial, including 1,290 patients with active inflammatory relapsing-remitting MS has recently been initiated.
Due to its selective lymphotoxicity with long-lasting activity, cladribine is believed to be of use in autoimmune conditions. In the phase III trial of subcutaneously administered cladribine in progressive MS, the major adverse events were upper respiratory tract infections, muscle weakness, and injection site reactions.
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Sirolimus and temsirolimus
Sirolimus (rapamycin-derived from the bacterium Streptomyces hygroscopius) and its orally better absorbable synthetic derivative temsirolimus (CCI-779) are potent antiproliferative agents. Sirolimus is currently being tested in an open-label trial in relapsing-remitting MS. The results of a phase II placebo-controlled trial of temsirolimus in MS are already available. Assessing three different doses of temsirolimus against a placebo in 296 patients with relapsing-remitting and active secondary progressive MS revealed that the highest dose exhibited significant effects on the relapse rate and on MRI parameters. 77 The decision as to whether phase III trials will occur is still pending.
Sirolimus and temsirolimus form a complex with the intracellular protein FKBP12 that blocks the activation of a kinase cascade that is crucial for cell-cycle progression. The agents thus prevent cell division in new cells, such as in proliferating T and B lymphocytes. 78 A major adverse effect of sirolimus is drug-induced hyperlipidemia. Temsirolimus has been shown to induce menstrual dysfunction, mouth ulceration, hyperlipidemia, and rashes.
Clinical aspects of immunosuppressants in MS
The dosages and application modes of the discussed immunosuppressants are shown in Table 1 .
Mitoxantrone. Several national and international medical advisory boards to MS societies recommend the use of mitoxantrone in patients with relapsing-remitting MS with frequent relapses and incomplete remissions and with secondary progressive MS with rapid progression (by at least one EDSS point per year).
Azathioprine. This drug may be considered in patients with relapsing-remitting MS who do not tolerate parenterally administered drugs.
Cyclophosphamide. This drug should be considered for treatment of patients with rapidly progressive disease who do not respond to less toxic alternatives. 59, 79 Low-dose methotrexate. This drug may serve as an alternative, practically nontoxic, immunosuppressive treatment when other agents have exhibited intolerable toxicity.
Mycophenolate mofetil, cladribine, and sirolimus/ temsirolimus.
Before these drugs can be recommended for use in MS, the results of current or upcoming phase III clinical trials are being awaited.
Practical guidelines
Due to the increased risk of infections, patients treated with immunosuppressants should not receive vital vaccines. Before onset of therapy a number of laboratory examinations are recommended including a pregnancy test (immunosuppressive agents are contraindicated during pregnancy and nursing), a chest X-ray, electrocardiography, and echocardiography with quantitative assessment of the left ventricular ejection fraction (in patients to be treated with mitoxantrone). Due to the risk of infertility, male patients should be offered the opportunity to cryopreserve their sperm. In accordance with respective laboratory results, dose adjustments may be necessary. Anti-emetic protection may be helpful.
CONCLUSIONS
For treatment of MS, immunosuppressive drugs have been used off-label for decades. Approval of immunomodulatory agents in the mid-1990s shifted the market toward interferon-␤ and glatiramer acetate. However, worsening forms of MS often could not be treated satisfactorily with these new therapeutics. Thus, the approval of mitoxantrone made immunosuppressants return as a focus of interest. However, one major drawback of mitoxantrone remains its doselimiting, cumulative cardiotoxicity. The use of other "classical" immunosuppressive agents, such as azathioprine or cyclophosphamide, may provide further benefit in selected patients, although the level of evidence of their efficacy will realistically not be increased based on their loss of patent protection impeding newly designed controlled trials. At minimum, their adverse event profile is well-established and can be considered when planning an immunosuppressive strategy. In contrast, the "newer" immunosuppressants still have to prove their efficacy in the current or upcoming trials, and their adverse event profile in MS will also have to be established only with long-term post-marketing experience.
In conclusion, "classical" and potentially "newer" immunosuppressants contribute to control inflammation and relapses in MS. However, they do not prevent neurodegeneration and its clinical counterpart, the progres- sion of irreversible disability. 80 Thus, major efforts must be made to develop treatment strategies beyond the nonspecific suppression of the immune system.
